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Abstract
Precipitate evolution in a near-α alloy was studied using transmission electron microscopy (TEM) and correlative atom probe
tomography (APT) after ageing at 550–700 ◦C for times up to 28 days. It is found that precipitation occurs much faster and is
more prolific in samples heat treated at higher temperatures. Particles were spherical after ageing at 550 ◦C, while after ageing at
700 ◦C they become ellipsoids with the major axis lying close to the [0001] direction. At longer ageing times, the α2 precipitates
were found to contain greater amounts of Sn+Si, indicating that Sn and Si are stronger Ti3(Al,Sn,Si) formers than Al.
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Recent years have seen dramatic increases in the demand
for commercial air travel and the cost of fuel, along with re-
ductions in the cost of capital and the social acceptability of
emissions. Strong competition has therefore driven efforts to
improve the efficiency of aircraft engines [1] by running them at5
higher temperatures [2]. As a consequence, the materials used
have to be resistant to increasingly extreme conditions. Creep
resistant α Ti alloys have a high specific strength, making them
ideal for high temperature compressor applications [3].
Many studies have been carried out to develop near-α Ti-Al10
alloys containing additions of zirconium (Zr), tin (Sn), molyb-
denum (Mo), niobium (Nb) and silicon (Si) [4–8]. Near-α Ti
alloys are utilised for compressor discs and blades [9, 10] with
improved tensile strength, fatigue resistance and creep perfor-
mance at temperatures up to 660 ◦C [11–13]. However, as a15
result of solute partitioning in primary α grains, formation of
the α2 (Ti3Al) phase has been reported [14, 15]. A detrimen-
tal effect of Ti3Al precipitates on fracture toughness and low
cycle fatigue properties is well documented [16]. Moreover, it
is known that the low cycle fatigue resistance is reduced due20
to promotion of strain localisation as a result of the presence
of α2 [17]. It was previously reported that when slip occurs
in a material containing Ti3Al precipitates dislocations travel
in pairs [18]. Cross slip is restricted and therefore deforma-
tion tends to occur by non-homogeneous planar slip [17, 18].25
This is a significant problem since the resulting lowered fatigue
resistance can reduce the lifetime of compressor discs [19].
IMI 834 is a near-α alloy currently deployed in high tem-
perature compressor disc applications with a β transus temper-
ature of 1060 ◦C [20]. This alloy has a reduced volume fraction30
of β phase with ∼15 vol.% of the fine primary α phase. This
is achieved by reducing the proportion of β stabilisers, such as
Mo. Sn and Zr are added as α stabilisers [21] in quantities up
to 6 wt.%. Above this, embrittlement occurs due to the for-
∗Corresponding Author. Email david.dye@imperial.ac.uk, Tel:
+44 797 707 6141 (no fax).
mation of Ti3Al [7]. Small amounts of Si are added to increase35
the high-temperature strength by the formation of fine ordered
precipitates on the lamella boundaries, having a stoichiometry
of (Ti,Zr)6Si3 [14, 22].
IMI 834 has a good combination of creep, low cycle fatigue
(LCF) and crack propagation properties, but a potential prob-40
lem with this alloy is the precipitation of the α2 phase when
the solubility limit of Al is exceeded. In service, near-α Ti
alloys are used for many thousands of hours at temperatures
above 500 ◦C and it is possible that they are subjected to an
uncontrolled decomposition transformation. It is worth noting45
that, although limited formation of the α2 phase is sometime
used in commercial Ti alloys to improve strength, the precip-
itation process is still not well understood. Hence, a detailed
investigation of the kinetics of the formation and nucleation of
α2 precipitates in the α phase is essential for predicting the50
behaviour of materials at elevated temperatures.
Previous atom probe tomography (APT) and transmission
electron microscopy (TEM) work on decomposition transfor-
mation in the α phase of IMI 834 has been minimal and the in-
formation on the kinetics of the transformation is still unclear.55
Lenssen [6] noticed the precipitation of the ordered particles
in the α grains after 4 and 100 hours of ageing at 700 ◦C and
linked this with a slight reduction in mechanical performance.
After ageing for 500 hours at 700 ◦C much larger precipitates
were observed. Although ordered regions approximately 2.5 nm60
in diameter and 10 nm apart were seen in the α phase after 4
hours at 700 ◦C, no accurate information about the chemical
composition was given. Zhang et al. [23] investigated the influ-
ence of ageing time and temperature on the precipitation and
growth of α2 ordered domains in a series of alloys with com-65
positions similar to IMI 834. It was reported that Al content
and ageing temperature influenced the distribution and growth
rate of the α2 phase. The higher the Al content and ageing
temperature, the quicker the observed growth of the α2 phase.
The new generation of APT instruments, with higher de-70
tector efficiencies and wide fields of view enable this system to
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Figure 1: a) As-received bimodal microstructure and (b) Selected
area [21¯1¯0] diffraction pattern in the 625/14d sample. The intensity
scale has been inverted to highlight the superlattice reflections.
be revisited, which is the focus of the current work. If large par-
ticles, like those observed by Lenssen [6], form during service,
the consequences could be serious. Therefore, we examined fea-
tures observed in the samples of aged IMI 834 to find out the75
composition of phases and the effect of ageing parameters on
their nucleation and growth.
The IMI 834 material used was received from Rolls-Royce
plc, of composition (measured by ICP-OES) Ti-5.8Al-4.0Sn-
3.5Zr-0.7Nb-0.5Mo-0.3Si-0.10O, in wt.% (10.3Al-1.6Sn-1.8Zr-80
0.4Nb-0.2Mo-0.0.6Si-0.3O at.%). The alloy was forged, heat
treated in the α + β phase region to give 10-15% primary α
and then aged for 2h at 625 ◦C. The microstructure is shown
in Figure 1. Small samples were then encapsulated in quartz
with an Ar atmosphere and heat treated, following Lenssen [6],85
for 14 days at 625 ◦C (625/14d), 28 days at 550 ◦C (550/28d),
100 hours at 700 ◦C (700/100h) and for 16 days at 700 ◦C
(700/16d). A larger experimental matrix was initially exam-
ined; the conditions reported here correspond to the earliest
times at which some precipitation could be observed.90
TEM experiments were performed using a JEOL 2000FX
200kV TEM. Samples were prepared by two methods: (i) in-
situ lift out [24] and (ii) electrolytic thinning [25]. To produce
specimens by the first method (i) a focussed ion beam/scanning
electron microscope (FIB/SEM) Helios NanoLab 600 equipped95
with an OmniprobeTM was used. To prepare specimens by
the second method (ii) thin slices were sectioned from the al-
loy, mechanically thinned down to 100µm and discs of 3 mm
diameter were cut by spark eroding. The discs were electrolyt-
ically thinned in 3% perchloric acid, 40% butan-1-ol and 57%100
methanol using a Tenupol-5 twin-jet electropolisher at -40 ◦C
and a voltage between 20 and 25 V.
Atom probe samples were prepared by the FIB lift-out
method. A description of the lift-out and sharpening of needle-
shaped tips can be found in reference [26]. APT experiments105
were carried out using both a 4000X Si and 3000X HR local
electrode atom probe (LEAP). The 4000X Si offers higher de-
tection efficiencies ∼ 57% at the expense of mass resolution,
while the 3000X HR is less efficient ∼ 37%, but has improved
mass resolution. Each set of needles was analysed using laser110
and voltage-pulsing modes, in order to ensure that the observed
segregation behaviour was not an artefact induced by (thermal)
laser effects. The results were independent of the instrument
and operating mode, but laser mode gave higher yields. A
laser pulse energy of 0.1 nJ and frequency of 200 kHz were115
used. In voltage-pulsing mode on the LEAP 4000X Si, the volt-
age pulse fraction was 15%. For both modes the sample stage
temperature was held at 55 K. IVASTM data analysis software
(Cameca) based on the standard algorithm [27] was used for
reconstruction of the collected data [28, 29]. The iso-surface120
concentrations were selected to highlight the α2 phase.
A new phase may either (i) form as a consequence of spin-
odal decomposition or (ii) it may form by nucleation with a long
incubation time [6, 30, 31]. In the case of spinodal decomposi-
tion a compositional wave forms, which grows until a new phase125
is formed. In case (ii) a long incubation time can be explained
by slow nucleation. To investigate the mechanism by which the
new phase is formed TEM was carried out. α2 precipitates can
be identified using TEM, as they produce superlattice reflec-
tions in selected area diffraction patterns (SADP) [8]. However,130
it is often not possible to image precipitates using these reflec-
tions at the earliest ageing times [6, 18, 31].
Figure 1(b) shows the SADP of the 625/14d sample. The
extra diffraction spots can be clearly seen, but it was not pos-
sible to image precipitates of the ordered phase in dark field135
(DF) mode, even with prolonged exposure times. Fundamental
reflections from the matrix along with superlattice reflections
were also evident in the 550/28d sample. The SADP pattern is
shown in Figure 2(a). Although additional spots were clearly
visible, the DF TEM images obtained using [01¯11]α2 showed no140
well defined particles, but instead regions with a diffuse mor-
phology. Therefore, the contrast seen in Figure 2(d) may be
due to either regions of local order or agglomeration of small
precipitates. According to Lenssen [6], superlattice diffraction
spots were evident in the electron diffraction patters before145
compositional variation could be detected by APT. After age-
ing at 700 ◦C for several hundred hours, particles were large
enough to be observed using TEM. Lenssen [6] suggested that
either small ordered regions grow and become visible, or a new
phase nucleated after prolonged heat treatment, possibly as the150
result of a compositional wave / pseudo-spinodal mechanism.
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Figure 2: Selected area [21¯1¯0] diffraction patterns after heat treat-
ment at a) 550/28d b) 700/100h c) 700/16d. Corresponding dark-
field images of the ordered regions taken from the marked superlat-
tice spot, d), e) and f) respectively.
Table 1: APT derived phase compositions.
Alloy Ti Al Sn Zr Si Nb Mo
M
a
tr
ix 550/28d wt.% 84.9 5.8 4.4 3.2 0.2 0.6 0.8
at.% 84.9 10.3 1.8 1.7 0.3 0.3 0.4
700/100h wt.% 84.2 6.9 4.2 2.7 0.4 0.7 0.7
at.% 82.9 12.1 1.7 1.4 0.7 0.4 0.1
700/16d wt.% 82.4 7.1 4.7 3.4 0.6 0.9 0.7
at.% 81.8 12.2 1.8 1.7 1.0 0.4 0.3
P
a
rt
ic
le 550/28d wt.% 78.9 11.9 4.2 3.1 0.2 0.7 0.8
at.% 75.3 20.2 1.6 1.6 0.3 0.3 0.4
700/100h wt.% 76.7 11.0 7.1 3.2 0.6 0.7 0.3
at.% 76.8 19.0 2.8 1.6 1.0 0.4 0.1
700/16d wt.% 76.2 10.8 8.2 3.0 0.8 1.0 0.5
at.% 74.2 18.7 3.2 1.5 1.3 0.5 0.2
2
DF TEM of the sample heat treated for 100 hours and 16
days at 700 ◦C clearly showed precipitates in the α phase, Fig-
ure 2(e). The microstructure of the 700/100h sample contained
particles with a size of approximately 9 nm. Corresponding155
SADP clearly exhibit evidence of diffraction spots from the or-
dered phase. Similarly, in the microstructure of the sample
aged for 16 days at 700 ◦C, particles 10× 40 nm were detected.
The corresponding SADP in Figure 2(f) also contained clear
superlattice spots.160
According to Blackburn [32], low temperature ageing of Ti-
8Al wt.% (13Al at.%) produced a dispersion of the α2 phase in
the α matrix. Particles were spherical in shape up to around
50 nm and beyond this dimension they form ellipsoids with the
major axis lying along the [0001] direction. A similar observa-165
tion was made by Namboodhiri et al. [33] in alloys containing
8.5 and 16.5 wt.% Al (14 and 26 at.%). The authors noticed a
change in morphology to an irregular shape prior to an even-
tual ellipsoidal geometry approximately 10 nm long. Our TEM
observations are consistent with these results. In the sample170
that was aged for 100 hours at 700 ◦C particles appeared spher-
ical, whereas after 16 days at 700 ◦C they possessed an elon-
gated shape with the major axis lying along the [0001] direction.
These can be clearly seen in Figure 2(e, f).
Although diffuse superlattice reflections in the SADP were175
observed in the sample which had been annealed for 14 days at
625 ◦C, APT showed only statistical fluctuations in Al concen-
tration. The measurements were reproducible and none of the
reconstructions demonstrated formation of Al-enriched regions
in that sample. Additionally, no clear evidence for precipitate180
formation from DF TEM imaging using the superlattice spots
was observed. This suggests that either the precipitates were
too small to be imaged as they are outside the resolving capa-
bility of the instruments, or additional SADP spots correspond
to Al rich regions formed by spinodal decomposition.185
An atom map from the 550/28d APT sample is shown in
Figure 3(a). This three dimensional map has a 30 × 120 nm
cross-section. In the microstructure a high number density of
small (∼ 5 nm) precipitates throughout the sample is revealed.
The concentration of elements was measured across interfaces,190
averaged over twenty similar features identified by a 14 at.% Al
isosurface. The measurements were performed from the mid-
dle of the particles, in order to ensure that the value extracted
from the middle corresponded only the precipitate and not to
the matrix. In a classic nucleation and growth precipitation195
mechanism, the new phase with a sufficiently different com-
position would be expected to become detectable at an early
stage. The fact that compositional variations are seen in APT
reconstructions suggests that the contrast in TEM images is
due to small particles of composition given in Table 1. It can200
be seen that the Al content in precipitates is greater than in
the matrix by around 6 wt.%.
In Figure 3(b) atom maps from the 700/100h sample are
presented. The left atom map in Figure 3(b) shows the dis-
tribution of Al atoms along with 16 at.% Al iso-concentration205
surfaces. At the right of Figure 3(b) a 2 nm thick slice through
the data set shows the distribution of Al, Sn and Si. Sn and
Si enrichment is seen in the Al-rich regions. The amount of
each element was obtained from the composition profile. Fig-
ure 3(c) shows proxigrams across the boundaries of several α2-210
phase precipitates. A manually selected subset was used for
the composition of the matrix. Results for both the matrix
and the precipitates are presented in Table 1. It can also be
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Figure 3: 3D reconstruction of the a) 550/28d on the LEAP 3000X
HR and b) 700/100h sample on the LEAP 4000X Si. At right, 2 nm
thick slice through the 3D reconstruction showing Al, Sn, and Si. c)
Proxigram across the boundary between the aged matrix and several
α2 precipitates in the 700/100h sample.
seen clearly in the atom maps of Figure 3 that the particles have
an elongated shape with the long axis between 5 and 10 nm in215
length.
Atom maps of the 700/16d sample are presented in Fig-
ure 4(a). After the longer ageing time at 700 ◦C, much bigger
precipitates were observed. The particle long axis was found to
be> 18 nm in length, with a short axis of∼ 7 nm. The long axis220
could not be measured, as the precipitates were larger than the
APT sample volume. Figure 4(c) shows the integrated profile
for the analysis cylinder displayed in Figure 4(b).
It can be clearly seen that Al, Sn and Si partition to the
α2 phase. The interface width is comparable with the 550/28d225
and 700/100h samples, around 0.8 nm. Moreover, based on the
composition measurements from Table 1 it is apparent that as
the extent of α2 precipitation increases between the three sam-
ples (in the order 550/28d→700/100h→700/16d), then the Sn
and Si contents increase, as does the overall Al+Sn+Si content230
(from 22.1 to 23.3 at.%).
Therefore, given a longer time to come to equilibrium, the
Si and Sn contents increase, indicating that these are stronger
α2-formers than Al. The observation of mottled contrast at the
earliest ageing times (550/28d), in the presence of strong or-235
dering peaks in the TEM electron diffraction patterns, suggests
that a distinct phase does form even before being observable by
atom probe tomography. This, together with the gradual in-
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Figure 4: a) Atom probe map of the 700/16d (LEAP 4000X Si)
sample showing the distribution of Ti. 4.% of detected Ti atoms are
presented, with the other atoms omitted for clarity. b) Rotated view
to highlight an individual precipitate - the analysis cylinder was 3 nm
in diameter. (c) Composition profile along the length of the analysis
cylinder in (b).
crease in the Al-site concentration (Al+Sn+Si) suggests that a
spinodal-type compositional wave is associated with the trans-240
formation, as speculated by Wood et al. [30]. It is also consis-
tent with earlier observations on the effect of Si on ordering by
Woodfield [8]. Of course, the phase diagram is not of a classi-
cal spinodal form, but a classical nucleation and growth mech-
anism, with small precipitates first forming at the equilibrium245
concentration, is not indicated by the present data. The mor-
phology change is presumably a consequence of surface (strain)
energy minimisation due to the change in c/a ratio between the
α and α2 phases.
In this article, results of experiments carried out on a near-250
α Ti alloy IMI 834 are presented. Ordered precipitates were
imaged by TEM using dark field mode with superlattice reflec-
tions. It is clearly shown by APT analyses that temperature
and time affect precipitate size and morphology. At the low-
est temperatures (550◦C/28d, Figure 2a,d), only mottled con-255
trast in TEM and electron diffraction spots were observed, but
at longer ageing times / higher temperatures, distinct precip-
itates could be observed. As ageing increased, the Sn and Si
contents increased, whilst the overall Al-site Sn+Si+Al content
increased towards the stoichiometric composition of 25 at.%,260
suggesting that Sn and Si are stronger α2-formers than Al.
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